Summary: In 30 adult cats, anesthetized with nitrous oxide and halothane, the middle cerebral artery was occluded using a transorbital approach. Extracel lular volume changes were assessed by recording cortical impedance, and cor related with blood flow, tissue osmolality, and water and electrolyte content of brain tissue. Following middle cerebral artery occlusion, cortical impedance, after a free interval of about 1 min, sharply increased and after 30 to 60 min gradually stabilized between 180 and 200% of control. Calculated extracellular fluid volume decreased from 23.8 ± 1.2 to 13.1 ± 1.0% after I h and to 12.5 ± 1.0% after 2 h of ischemia. Shortly after middle cerebral artery occlusion, extracellular volume shifts correlated with blood flow over a range from 3 to 50 ml/100 g/min. Two hours later, a threshold-like dependency existed: below 25 ml/l00 g/min extracellular space was reduced to about 50% of control; above 32 mlllOO g/min extracellular space was normal. Non-threshold correlations Regulation of cerebral cell volume is an active process, the efficacy of which depends on the maintenance of osmotic and ionic homeostasis be tween intra-and extracellular compartments (Pol lock and Arieff, 1980). During ischemia, this homeostatic equilibrium is severely disturbed. Stimulation of anaerobic glycolysis and, at a later stage, generation of idiogenic catalytic products cause an intracellular accumulation of osmotically active particles, and the breakdown of the energy dependent ion exchange pumps leads to the equili bration of extracellular-intracellular ion concen tration gradients. The result is a release of intracel lular potassium from, and a massive influx of
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Regulation of cerebral cell volume is an active process, the efficacy of which depends on the maintenance of osmotic and ionic homeostasis be tween intra-and extracellular compartments (Pol lock and Arieff, 1980) . During ischemia, this homeostatic equilibrium is severely disturbed. Stimulation of anaerobic glycolysis and, at a later stage, generation of idiogenic catalytic products cause an intracellular accumulation of osmotically active particles, and the breakdown of the energy dependent ion exchange pumps leads to the equili bration of extracellular-intracellular ion concen tration gradients. The result is a release of intracel lular potassium from, and a massive influx of sodium and water into, the intracellular compart ment (Rossmann, 1976) . When blood flow is com pletely interrupted, the main source of water and electrolytes is that contained in the extracellular space. The intracellular compartment, in conse quence, swells at the expense of the extracellular fluid volume. It is possible to monitor these changes by recording the electrical impedance of the brain because the ohmic component of impedance de pends mainly on the volume fraction of the ex tracellular compartment (Van Rarreveld and Ochs, 1956; Fourcade et aI., 1970; Rossmann, 1971; Sobotka, 1971) . Using the Maxwell or Rayleigh equations, these changes can be described quan titatively (Cole et aI., 1969) , and it has been shown that during I h of ischemia the extracellular volume fraction decreases from about 20% to less than 10% of total brain volume (Rossmann, 1971) . The changes are reversible when the brain is recircu lated with blood, provided that a no-reflow phenome non can be prevented and that the re-oxygenation of the tissue is adequate to reactivate the energy producing metabolism and the energy-dependent ion exchange pumps. Expansion of the extracellular space in such cases precedes the return of electri cally evoked potentials and of electroencephalo gram (EEG) activity, and thus is an early indicator of beginning functional recovery (Hossmann, 1971) .
During focal ischemia the situation is more com plex. In most experimental stroke models ischemia is not complete. Furthermore, the ischemic terri tory is surrounded by normally perfused or even hyperemic brain tissue. Fluid and electrolytes, in consequence, are continuously supplied from the blood to the ischemic tissue, and can be expected to make up the losses from the extracellular compart ment. However, preliminary observations indicate that despite this situation, cortical impedance sharp ly increases after the onset of ischemia, indicating a narrowing of the extracellular space (Branston et aI., 1978; Schuier and Hossmann, 1980) . In order to analyze this phenomenon in more detail, the present investigation was carried out. Cortical impedance and extracellular space were assessed in cats sub mitted to middle cerebral artery occlusion for 2 h, and the observed changes were correlated with various hemodynamic, electrophysiological, and biophysical alterations. The results indicate that extracellular fluid shifts are a consistent phenome non of focal ischemia, the degree of which corre lates with the density of ischemia and the develop ment of ischemic brain edema.
MATERIAL AND METHODS
Thirty cats of either sex weighing between 2.5 and 3.5 kg were used. During surgical preparation the animals were anesthetized with 70% N 20 and 2% halothane, and later with 70% N20 and 0.2% halothane. Catheters were placed into the femoral artery and vein. The animals were immobilized with pancuronium and artificially ventilated throughout the experiments. Partial arterial pressure of CO2 (P aC02) was kept close to 30 mm Hg by appropriate setting of the tidal volume and Pao2 above 100 mm Hg by adjusting the oxygen content of the respira tion gas. Body temperature was maintained at 37°C using a thermo-controlled heating pad.
The heads of the animals were fixed in a stereotactic frame. The left middle cerebral artery was exposed using a transorbital approach (O'Brien and Waltz, 1973) . Craniotomy was carried out over the left parietal region for recording cortical impe dance (see below). The middle cerebral artery was occluded under the operating microscope with a Yasargil clip. Two hours later the brains were fro zen in situ, and tissue samples were taken from the ischemic cortex and from homotopic regions of the opposite side for assessment of water and electro lyte content, tissue osmolality, and cerebral blood flow (CBF).
During the experiments, blood pressure, tidal CO2, EEG, and cortical impedance were recorded continuously on a polygraph. Electroencephalo gram frequency analysis was carried out by fast Fourier transform using a laboratory computer system (PDP-12, Digital Equipment, Maynard, MA). Intensity of the EEG was expressed as the sum of the square roots of Fourier coefficients, cov ering the frequency range between 0.5 and 20 cps.
Impedance was measured using a modification (Hossmann, 1971 ) of the four-needles method of Li et ai. (1968) . Four stainless steel needles spaced 1.5 mm apart were inserted in a row 1 mm deep into the left suprasylvian gyrus. The precise position of the needle tips was controlled using a stopper attached to the electrode assembly. At 30-s intervals, a rect angular, constant current pulse of 1 ms-duration and 10 �A-intensity was passed through the outer elec trodes. The voltage drop across the inner electrodes was recorded with an AC-coupled pre-amplifier (time constant, 1 s; filter, 0.1 kHz) on a digital os cilloscope and immediately replayed at low speed on the polygraph . Extracellular space was estimated using the Maxwell equation (Cole et aI., 1969) :
where r is the impedance of the extracellular fluid, r1 is the impedance of the cortex, and p is the vol ume fraction of the cortex occupied by cells. In consequence, 1 -p is the volume fraction of the extracellular compartment. Before and after the experiment, the electrodes were calibrated in Ringer's solution at 37°C. This value was also taken as an estimate of the impe dance of extracellular fluid. Calculation of ex tracellular space by the Maxwell approach requires only the knowledge of the ratio rlr1; impedance, therefore, was expressed in relative rather than in absolute terms.
Blood flow was measured before and 15 min and 2 h after ischemia using the intracardiac micros ph ere injection technique (Rudolph and Heymann, 1967) . Carbonized microspheres, 15 ± 5 p.m, labeled with three different nuclides were injected as a bolus into the left ventricle of the heart; during injection arte rial blood was withdrawn from the femoral artery as a flow reference. Regional blood flow was deter mined by measuring radioactivity of tissue samples taken from the same region in which impedance had been assessed. Fresh weight of the sample was about 150 mg, i.e., its volume was of the same order of magnitude as the tissue fraction in which impe dance was determined. Samples were also taken from the homotopic nonischemic hemisphere.
Brain water was determined in the same sample used for assessment of blood flow by drying the tissue at 100°C to constant weight. Brain electro lytes were measured by flame photometry following extraction in nitric acid . Brain tissue osmolality was assessed by measuring freeze-point depression in an aliquot sample, as has been described in detail elsewhere (Hossmann and Takagi, 1976) .
Twenty-six of the 30 cats were treated with vari ous drugs after occlusion of the middle cerebral ar tery: midafenone (six animals) 10 mg/kg, nimodi pine (eight animals) 3 ng/kg/min, prostacycline (six animals) 30 ng/kg/min, nitroglycerine (six animals) 10 p.g/kg/min. Nimodipine, prostacycline, and ni troglycerine were infused continuously into the left lingual artery, starting 15 min after vascular occlu sion until the end of the experiments. Midafenone was given intravenously over 15 min, also starting 15 min after vascular occlusion. Nimodipine, prostacycline, and midafenone were dissolved in saline, and nitroglycerine in 1.6 ml/mg 1,2-propylene glycol.
RESULTS
The present data were compiled in a series of experiments in which various drugs were tested for improving CBF and preventing ischemic brain edema after acute middle cerebral artery occlusion in cats. As has been described elsewhere, none of the drugs included in the present series caused a normalization of blood flow or a reversal of isch emic disturbances of ion and water homeostasis (Hossmann et aI., 1981) . The only change was a slight (nonsignificant) improvement of flow follow ing nimodipine, but this did not prevent brain edema. There were no consistent effects on the ob served narrowing of extracellular space either (Table 1) . For this reason, all data subsequently were pooled.
The general physiological parameters are summa rized in Table 2 . With the exception of a slight de crease in blood pressure, the general physiological state was stable. Blood flow in the grey matter of the territory of the occluded middle cerebral artery fell from 61.4 ± 5.8 to 16.0 ± 0.5 ml/lOO g/min within 15 min and remained at this level throughout the observation period. Electroencephalogram in tensity decreased to about 65% over the ischemic hemisphere and did not change significantly over the contralateral side (Table 3) . Changes of brain water, electrolytes, and osmolality indicated the development of ischemic brain edema (Table 4) .
One to one and one-half minutes after vascular occlusion, cortical impedance began to rise, initially at a fast and later at a slow rate, until it reached a Values are means ± SE. Control values are pre-ischemic recordings or data from contralat eral hemisphere of all animals. There is no significant difference between treated and untreated animals (p > 0.1). Values are means ± SE (number of animals in parentheses).
plateau of about 180% after 30 min (Fig. 1) . After 2 h of ischemia, the calculated extracellular space was reduced from 23.8 ± 1.2% to 12.5 ± 1.0% (Fig 2,  Table 3 ). The degree of extracellular shrinkage in the individual experiment depended both on the du ration and the density of ischemia. Fifteen minutes after vascular occlusion, a linear relationship was found between blood flow and extracellular space (Fig 3) . After 2 h the relationship appeared to be threshold-dependent: at flow values below 25 mV 100 g/min extracellular space was reduced to about 50% of control, whereas at higher flow values it was normal. Intermediate data were recorded between 25 and 32 mVI00 g/min (Fig 3) . As has been described before, shrinkage of ex tracellular space is a phenomenon associated with the development of ischemic brain edema (Hoss mann, 1976) . It is, therefore, not surprising that a correlation existed between extracellular space and brain tissue osmolality (Fig 4) . The latter correlated with water content (Matsuoka and Hossmann, in preparation). However, final water content (2 h of ischemia) correlated significantly only with ex tracellular space after 15 min of ischemia, not with extracellular space after 2 h (Fig 5) . This dissociation apparently is due to the fact that the threshold of intracortical fluid shifts is higher than that of net water increase, and indicates that the relationship between the two parameters is not so strict as pre viously assumed.
A significant correlation was also observed be tween the size of extracellular space and EEG in tensity. However, this correlation must be an indi rect one because EEG flattened within a few sec onds after vascular occlusion, whereas the start of the rise in impedance was delayed for about 1 min (Fig. 1) . Flattening of the EEG, in consequence, precedes the appearance of those factors which cause the volume shifts of the extracellular com partment.
DISCUSSION
Impedance measurements have been carried out before by several authors to determine extracellular volume changes during ischemia (Van Harreveld and Ochs, 1956; Fourcade et aI., 1970; Hossmann, 1971; Sobotka, 1971; Branston et aI., 1978; Schuier and Hossmann, 1980) , edema (Van der Veen et aI., 1973), hypoglycemia (Pelligrino et aI., 1981) , meta- bolic inhibition (Baethmann and Van Harreveld, 1973; Lenoir et aI., 1975; Gazendam et aI., 1979) , spreading depression (Hoffman et aI., 1973) , and various other pathophysiological conditions (Fen stermacher et aI., 1970; Gamache et aI., 1975; Schettini and Moreshead, 1978) . The relationship between electrical impedance and the compart mental ratio of extra-to intracellular volume is a well-known phenomenon, which had been applied by Cole as early as 1928 to calculate the volume of Arbacia eggs suspended in sea water. The physio logical basis of this phenomenon is the high electri cal resistance of cell membranes compared to that of the extracellular medium. A current passing through biological material, therefore, is mainly conducted through the extracellular clefts and possi-MCA occlusion ..
bly also through the blood vessels. The calculated extracellular volume fraction, in consequence, may include blood volume. Some authors sub tract a certain fraction of tissue impedance in order to correct for blood volume (Van Harreveld and Ochs, 1956; Pelligrino et aI., 1981) . However, cerebral blood presumably does not participate in current conductance because the vascular endothe lial cells are fused by tight junctions and thus pre vent the passage of the current across the vascular wall. We, therefore, abstained from introducing a correction factor in the present investigation. For the calculation of extracellular volume from impedance measurements, two different models have been proposed (Cole et aI., 1969 uniform suspension of parallel cylinders (Rayleigh equation). The Maxwell equation gives the best ap proximation for cortical and the Rayleigh equation for white matter extracellular volume. In the pres ent investigation, the Maxwell equation was used because measurements were carried out in the cor tical grey matter. The methodological considerations for measuring tissue impedance by pulse amplitude recording have been discussed before (Li et aI., 1968; Hossmann, 1971) . Using low-frequency, rectangular current pulses of a few milliseconds' duration for stimula tion and recording the voltage drop across the inner electrodes with AC-coupled amplifiers has several advantages. Electrical activation of the cortex is minimized, and polarization artifacts or the capaci tive component of cortical impedance can be sup pressed by choosing appropriate time constants and filters. Care has to be taken, however, to respect the geometrical requirements for a meaningful mea surement. As has been pointed out by Li et aI. (1968) , the voltage drop across the recording elec trodes in volume conductors depends on the depth at which the measurement is carried out. For this reason, the electrodes were equipped with stoppers, which allowed the precise and reproducible posi tioning of the tips of the electrodes both in cortex and reference medium.
The volume fraction of normal cortical extracel lular space, calculated from impedance by the Maxwell approach, was 23.8 ± 1.2%. This value is slightly higher than that of a previous investigation in our laboratory, in which an extracellular volume of 21% was measured (Hossmann, 1971) . Other authors have reported a (corrected) extracellular space in cat brain of about 15% using impedance methods (Fenstermacher et aI., 1970; Pelligrino et aI., 1981) , and between 16 and 28% using inu lin, mannitol, or sucrose as intravital extracellular markers (Bourke et aI., 1965; Korobkin et aI., 1968; Fenstermacher et aI., 1970) . It should be noted that these intravital measurements differ considerably from most electron-microscopical estimates of the extracellular compartments because the tissue shrinks during fixation. A correct morphological evaluation of extracelluar space is possible only when the tissue is fixed by freeze-substitution, and then also amounts to about 20% (Van Harreveld et aI., 1965) .
Narrowing of the extracellular space during isch emia or anoxia is a well-known phenomenon that has been described by several authors using various methods of measurement (Van Harreveld and Ochs, 1956; Van Harreveld et aI., 1965; Fourcade et aI., 1970; Hossmann, 1971; Sobotka, 1971; Branston et aI., 1978; Hansen and Olsen, 1980; Schuier and Hossmann, 1980) . There are, however, few quan titative estimates of this process. In a previous study in which blood flow of the cat brain was com pletely interrupted, we observed a reduction of ex tracellular space volume to 51 % after 30 min (Hossmann, 1971) . This finding was recently con firmed by Hansen and Olsen (1980) , who used an extracellular marker for measuring changes of brain extracellular space and who observed a shrinkage to 50% after anoxic depolarization. The coincidence of the beginning impedance increase with the disap pearance of evoked potentials and the onset of the so-called terminal shift of the cortical steady poten- tial (Hossmann, 1971) , suggests that narrowing of the extracellular space is the consequence of cell membrane depolarization and the associated shift of extracellular sodium and chloride into the in tracellular compartment. This conclusion is corrob orated by Branston et aI. (1978) , who reported an ischemic threshold of 9.6 ml!100 g/min for the be ginning impedance rise in monkeys after middle ce- rebral artery occlusion, i.e., a value that is close to the threshold for the ischemic release of intracellu lar potassium into the extracellular space (Brans ton et aI., 1977; Hossmann and Schuier, 1980) . To our surprise, the present results are at variance with this conclusion. Immediately after middle cerebral ar tery occlusion, flow and extracellular space corre lated over the whole range of flow values observed (3 -50 ml! 100 g/min) , and after 2 h a threshold of about 30 ml was observed, which is far above the critical flow range for cell membrane depolariza tion. Below this flow rate, extracellular space was reduced to about 50% of the pre-ischemic value, i.e., a reduction that is of the same order of mag nitude as occurs during so different conditions as complete ischemia (Hossmann, 1971) , hypogly cemia (Pelligrino et aI., 1981) , spreading depression (Hoffman et aI., 1973) or intense functional activa tion (Dietzel et aI., 1980) . This suggests that termi nal cell-membrane depolarization is not the only factor involved and that other mechanisms may be responsible for the volume changes observed. In the present experimental situation, the most likely one is a rise of intracellular osmolality, which is a well documented factor for water shifts in ischemia (Hossmann and Takagi, 1976; Bandaranayake et aI., 1978) , and which has also been observed in the present investigation. Another possibility is the oc currence of spreading depression within a partially ischemic region. There is good reason to assume artery. Brain water content was assessed 2 h after ischemia and extracellular space after 15 min and 2 h, respectively. Note that a correlation exists only between early changes of extracellular space (15 min of ischemia) and final brain water content (after 2 h of ischemia).
that during incomplete ischemia blood flow is in homogeneous. One therefore can expect that even at a relatively high mean flow rate, microcirculation may be locally impaired to such a degree that the critical threshold for release of intracellular potas sium into the extracellular space is reached. If such a focus of high extracellular potassium evokes spreading depression in the vicinity, the whole isch emic territory could be involved. An increase of extracellular potassium, regardless of whether it is evoked by spreading depression (Hansen and Olsen, 1980) or functional activation (Dietzel et aI., 1980) , is, in fact, associated with a narrowing of the extracellular space to about 50%, i.e., a value that is identical with that observed in the present study. Whatever the reason for the extracellular volume change during relatively mild ischemia may be, the pathophysiological significance is considerable. Cellular volume is a well-regulated parameter, the disturbance of which must have functional conse quences. The elucidation of these consequences and their possible relationship to phenomena so poorly understood as post-ischemic hypermetabo lism (Nemoto et aI., 1981) , diaschisis (Reivich et aI., 1977) , or maturation (Ito et aI., 1975) deserves fur ther investigation.
